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Light incident upon molecules trigger fundamental processes in diverse systems present in nature. However,
under natural conditions, such as sunlight illumination, it is impossible to assign known times for photon arrival
owing to continuous pumping, and therefore, the photo-induced processes cannot be easily investigated. In this
work, we theoretically demonstrate that characteristics of sunlight photons such as photon number statistics and
spectral distribution can be emulated through quantum entangled photon pair generated with the parametric
down-conversion (PDC). We show that the average photon number of the sunlight in a specific frequency
spectrum, e.g., the visible light, can be reconstructed by adjusting the PDC crystal length and pump frequency,
and thereby molecular dynamics induced by the pseudo-sunlight can be investigated. The entanglement time,
which is the hallmark of quantum entangled photons, can serve as a control knob to resolve the photon arrival
times, enabling investigations on real-time dynamics triggered by the pseudo-sunlight photons.
I. INTRODUCTION
Giant strides in ultrashort laser pulse technology have
opened up real-time observation of dynamical processes in
complex physical, chemical, and biological systems. Under
natural conditions, such as sunlight illumination, known times
cannot be assigned for photon arrival owing to continuous
pumping, and thus, photo-induced dynamical processes cannot
be easily investigated. In time-resolved optical spectroscopy,
however, investigations on dynamical processes can be con-
ducted by synchronizing the initial excitations in the entire
ensemble with the use of ultrashort pulsed laser and thereby
amplifying the microscopic dynamics in a constructively in-
terferential fashion. In this manner, time-resolved laser spec-
troscopy has provided detailed information and deeper insights
into microscopic processes in complex molecular systems.
Nevertheless, the relevance of the laser spectroscopic data re-
garding photosynthetic proteins was challenged and whether
dynamics initiated by sunlight irradiation might be different
from those detected with laser spectroscopy is still being de-
bated [1–8]. Although spectroscopic measurements may or
may not demonstrate phenomena under sunlight illumination
in the one-to-one correspondence, the debate inspired us to
comprehend the occurrence of photoexcitation under natural
irradiation.
Sunlight is considered as the radiation from the black-body
with an effective temperature of approximately 5800K, and
thus, the coherence time is extremely short (1.3 fs) [9]. Further-
more, the photon number statistics obeys the Bose–Einstein
distribution, whereas the coherent laser is characterized by the
Poisson photon number statistics [10]. A variety of schemes
have been proposed to generate light that mimics sunlight, e.g.,
the solar simulator with Xenon arc lamp. Broadband incoher-
ent light that emulate the temporal property of the thermal
light has been also investigated, e.g., scattered laser beam
from a rotating ground-glass disc [11] and amplified sponta-
neous emission [12]. However, the schemes do not provide
knobs to control light on an ultrafast timescale approximate
to a few femtoseconds, which is relevant for energy/charge
transfer during the primary steps of photosynthesis and iso-
merization reaction in the first steps of vision. Therefore, a
scheme to control thermal light on an ultrashort timescale to
unveil how photoexcitation by natural light and the subsequent
dynamics proceed should be developed.
To tackle this issue, we take a constructive approach instead
of a direction towardmanipulating the actual thermal light. We
examine quantum states of photons that reconstruct character-
istics of the sunlight, specifically statistical properties such as
photon number statistics and spectral distribution. In thiswork,
such photon states are termed pseudo-sunlight. An advan-
tage of the approach is that deductively obtained expressions
of the quantum states enable us to investigate photo-induced
dynamical processes in molecular systems with quantitative
underpinnings and help us gain deeper insights into physical
implications. To this end, we address quantum entangled pho-
ton pairs generated through the parametric down-conversion
(PDC) in birefringent crystals [10]. The state vector of the
generated pairs yields a form of the geometric distribution as
the photon number probability [13–15]. In addition, the two
photons in a pair exhibit continuous frequency entanglement
stemming from the conservation of energy and momentum.
Consequently, the quantum state of the one in the pair is a
mixed state in terms of frequency with some spectral distribu-
tion, when the state of the other is not fullymeasured. For these
reasons, the entangled photon pairs are expected to reconstruct
statistical characteristics of the sunlight.
II. FREQUENCY-ENTANGLED PHOTONS
We consider the PDC process, where a pump photon
with frequency ωp is split into two entangled photons, sig-
nal and idler photons with frequencies ω1 and ω2 such that
ωp = ω1 + ω2. Electric fields inside a one-dimensional non-
linear crystal whose length is L are considered and the time-
ordering effect during the PDC process is neglected. This
approximation is relevant in describing the PDC in the low-
gain regime [16], and the state vector of the generated photons
is obtained as |ψPDC〉 = exp(−iHˆPDC/~)|vac〉 with HˆPDC =∫
dω1
∫
dω2 f (ω1, ω2)aˆ†s (ω1)aˆ†i (ω2) + h.c., where aˆ†s (ω) and
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FIG. 1. Average photon number in the signal beam generated
through the PDC process with the CW pumping, n¯(ω) in Eq. (2) (red
solid line) and the thermal distribution, n¯th(ω) = (e~ω/kBT − 1)−1 at
temperature T = 5777K (blue dashed line). To evaluate Eq. (2), the
parameters of ωp = 25000 cm
−1, ω¯s = 12000 cm−1, Te = 2.5 fs, and
B = 0.15 are employed. The two vertical lines indicate electronic
transition energies that will be discussed later, ω1g = 18000 cm
−1
and ω2g = 18500 cm
−1.
aˆ
†
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(ω) denote the creation operators of the signal and idler pho-
tons, respectively [17]. The two-photon amplitude f (ω1, ω2)
is expressed as f (ω1, ω2) = ~Bαp(ω1 + ω2)Φ(ω1, ω2),
where αp(ω) is the pump envelope function normalized as∫
dω αp(ω) = 1 and Φ(ω1, ω2) = sinc[∆k(ω1, ω2)L/2] is re-
ferred to as the phase-matching function, where ∆k(ω1, ω2)
represents the momentummismatch among the input and out-
put photons. All other constants such as the second-order sus-
ceptibility of the crystal and pump intensity are merged into
the factor B, which corresponds to the conversion efficiency
of the PDC [17]. Typically, ∆k(ω1, ω2) may be approximated
linearly around the central frequencies of the generated beams,
ω¯s and ω¯i as ∆k(ω1, ω2)L = (ω1 − ω¯s)Ts + (ω2 − ω¯i)Ti with
Tσ = L/vp − L/vσ [17, 18], where vp and vσ are the group
velocities of the pump laser and a generated beam at frequency
ω¯σ , respectively. The differenceTe = |Ts−Ti | is termed the en-
tanglement time [19, 20], which represents the maximal time
delay between the arrival of the two entangled photons.
For CW pumping, the two-photon amplitude is written as
f (ω1, ω2) = ~δ(ω1 +ω2 −ωp) r(ω1) with r(ω) = BΦ(ω,ωp −
ω) = B sinc[(ω− ω¯s)Te/2]. Therefore, the propagator is recast
into exp(−iHˆPDC/~) = exp[
∫
dω r(ω)aˆ†s (ω)aˆ†i (ωp−ω)−h.c.],
and the output photon state is obtained as the two-mode
squeezed vacuum state [15],
|ψPDC〉 =
∏
ω
∞∑
nω=0
[tanh r(ω)]nω
cosh r(ω) |nω〉s |nωp−ω〉i, (1)
where |nω〉σ is the Fock state of the photon σ with frequency
ω. When the idler photon is discarded without being mea-
sured, the quantum state of the signal photon is mixed [13–
15]. This situation is described by tracing out the idler pho-
ton’s degrees of freedom such that ρˆs = tri(|ψPDC〉〈ψPDC |)
[10]. Consequently, the reduced density operator of the sig-
nal photon reads to ρˆs =
∏
ω
∑∞
nω=0
Pω(nω)|nω〉s〈nω |s, where
Pω(n) represents the probability that there are n photons of fre-
quencyω in the signal photon beam, Pω(n) = [1− ζ(ω)]ζ(ω)n
with ζ(ω) = tanh2 r(ω). The density operator is also ex-
pressed as ρˆs = Z
−1 exp[−
∫
dω ln ζ(ω)aˆ†s (ω)aˆs(ω)] with Z
being the partition function [21]. Therefore, the quantum state
ρˆs can be regarded as the thermal state in the sense that the
photon-number statistics obey the geometric distribution, and
the average photon number is computed as a function of ω,
n¯(ω) =
∞∑
n=0
nPω(n) = ζ(ω)
1 − ζ(ω) = sinh
2 r(ω). (2)
Specifically, when ζ(ω) can be approximately expressed as
ζ(ω) ≃ exp(−~ω/kBT ), the expression of n¯(ω) becomes iden-
tical to that of the thermal radiation from a black-body with
temperatureT , where kB denotes the Boltzmann constant. Al-
though the whole frequency range may be impossible to be re-
constructed, it is still beneficial to emulate a specific frequency
region such as the visible light for unveiling how photoexcita-
tion by natural light and the subsequent dynamics proceed, for
example, in photosynthesis and vision.
Figure 1 presents the average photon number in the signal
beam generated through PDC with CW pumping. For com-
parison, the thermal distribution, n¯th(ω) = (e~ω/kBT − 1)−1,
at temperature T = 5777K is also shown. The parameters
employed for the calculation are chosen so as to reproduce the
average photon number of the visible light, as given in the
figure caption. These values are realizable through the use of
birefringentcrystals such β-BaB2O4 [22, 23] andBiB3O6 [24].
Figure 1 demonstrates that Eq. (2) is capable of approximately
reproducing the average photon number of the black-body ra-
diation in the visible region, by adjusting the crystal length
L and pump frequency ωp. It is noteworthy that the photon
number in the visible region is substantially 0 or 1, and thus,
the average number is well approximated by
n¯(ω) ≃
1∑
n=0
nPω(n) = Pω(1) ≃ tanh2 r(ω). (3)
This insight and the appearance of tanh r(ω) will be critical in
later discussions on the heralded signal photons.
III. INTERACTION OF PSEUDO-THERMAL LIGHT
WITH MOLECULES
Theoretical expressions of quantum states of the photons
enable one to investigate photo-induced molecular dynami-
cal processes with quantitative underpinnings. Here, we dis-
cuss the electronic excitation of a molecule. The molecule
is modeled by the electronic ground state |g〉 and electronic
excited states {|eα〉}α=1,2,... , and the Hamiltonian is given by
Hˆmol = ǫg |g〉〈g | +
∑
α ǫα |eα〉〈eα |. The states {|eα〉} corre-
spond to electronic excitons in the single-excitation manifold
of a molecular aggregate. The optical transitions between |g〉
and |eα〉 are described by the operator µˆ =
∑
α µαg(|eα〉〈g | +
|g〉〈eα |), where µαg stands for the transition dipole. In gen-
eral, environment-induced fluctuations in electronic energy
strongly influence the excited-state dynamics in condensed
phases. However, in this study we ignored the environmental
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FIG. 2. Time evolution of the normalized density matrix elements
describing molecular electronic excitations, Eq. (4), under illumina-
tion of the signal photons generated through the PDC process (red
solid lines) and the black-body radiation of temperature 5777K (blue
dashed line). The average photon number and the electronic tran-
sition energies shown in Fig. 1 were used in the calculations. The
normalization is such that the maximum value of the real part of the
off-diagonal element, ρ12(t) = 〈e1 | ρˆel(t)|e2〉, for the PDC case is
unity; therefore, it is of no consequence that the normalized popula-
tion exceeds unity.
degrees of freedom because the main concern here is to inves-
tigate the characteristics of pseudo-sunlight irradiation, which
is qualitatively independent of the effects of the environment.
For simplicity, radiative and nonradiative decays to the ground
state are also neglected.
The following setup is considered: The signal and idler
beams generated through PDC are split. Only signal photons
interact with molecules, and idler photons propagate freely.
Therefore, the total molecule-field Hamiltonian can be written
as Hˆtotal = Hˆmol + Hˆfield + Hˆint. The second term in this
equation, Hˆfield, is the free Hamiltonian of the signal and
idler photons, and the molecule-field interaction is described
by Hˆint(t) = −µˆEˆs(t). Owing to the weak field-matter
interaction, the first-order perturbative truncation in terms
of Hˆint(t) provides a reasonable description of the electronic
excitation generated with the signal photon absorption. Thus,
the state vector to describe the molecular excitation together
with signal and idler photons is obtained as |ψtotal(t)〉 =
(i/~)∑α µαg ∫ t−∞ dτ1 e−iωαg (t−τ1)Eˆs(τ1)|eα〉|ψPDC〉, where
ωαβ = (ǫα − ǫβ)/~ has been introduced. In the equation,
the field operator of the signal photon Eˆs(t) can be di-
vided into positive- and negative-frequency components,
Eˆ
(+)
s (t) =
∫
dω iA(ω) aˆs(ω)e−iωt and Eˆ (−)s (t) = [Eˆ (+)s (t)]†,
respectively, where A(ω) ∝ √ω [25]. The negative-frequency
component causes the rapidly oscillating term in the inte-
grand; hence, the contribution to the electronic excitation is
negligibly small. Therefore, Eˆs(τ1) can be replaced with the
positive-frequency component. This rotating wave approx-
imation is of no consequence in cases of weak field-matter
interaction [6, 20], but it breaks down in the strong interaction
regime [26].
When the quantum states of idler photons are not measured,
the reduced density operator to describe the electronic excita-
tion is obtained by tracing over the fields’ degrees of freedom,
ρˆel(t) = trs+i[|ψtotal(t)〉〈ψtotal(t)|], as such:
ρˆel(t) =
∑
α,β
µαgµβg
~2
e−iωαβ t
∫ t
−∞
dτ2 e
−iωβgτ2
×
∫ t
−∞
dτ1 e
iωαgτ1G
(1)
s (τ2, τ1)|eα〉〈eβ |, (4)
where the first-order temporal correlation function of signal
photons G
(1)
s (t2, t1) = 〈Eˆ (−)s (t2)Eˆ (+)s (t1)〉 has been introduced.
In the CW pumping case, the function is expressed as [21]
G
(1)
s (t2, t1) =
∫ ∞
0
dω eiω(t2−t1)A(ω)2n¯(ω). (5)
By replacing n¯(ω) with the average photon number for ther-
mal light n¯th(ω) = (e~ω/kBT −1)−1, Eq. (4) becomes practically
identical to the expression for the density operator under the
influence of the real sunlight photons [7]. Figure 2 demon-
strates the time evolution of the matrix elements of the density
operator under the illumination of the PDC signal photon and
the black-body radiation of 5777K. The molecular electronic
states can only interact with the light at time t ≥ 0. In the
calculations, the average photon number shown in Fig. 1 was
employed, and the electronic transition energies were set to
ω1g = 18000 cm
−1 and ω2g = 18500 cm−1 with µ1g = µ2g.
Because it is impossible to resolve the time at which the signal
photon interactswith themolecule, it is considered that the sig-
nal photon interacts with the molecule at a uniformly random
time. Consequently, the probability of observing the elec-
tronically excited molecule, ρ11(t) = 〈e1 | ρˆel(t)|e1〉, increases
linearly with time. The same holds for the black-body radi-
ation case, and therefore, the dynamics of the density matrix
elements calculated for the two cases exhibit reasonably good
agreement. It should be noted that the probability does not
continue to mount in the long-time limit when the radiative
and nonradiative decays to the ground state are considered.
As demonstrated in Fig. 2, therefore, excited state dynam-
ics induced by signal photons generated through PDC can be
regarded as an emulation of the dynamics under the influ-
ence of sunlight irradiation, provided that n¯(ω) reconstructs
the spectrum of sunlight photons in a frequency range under
investigation, such as the visible frequencies.
IV. DETECTION OF IDLER PHOTONS
In the previous section,we discussed the interaction between
themolecule and the signal photonswithout detecting the idler.
However, more useful application of the PDC source can be
made possible through detection of idler photons. Accord-
ingly, spectroscopic and imaging techniques with entangled
photon pairs have been proposed on the basis of coincidence
counting [23, 27–32]. When the quantum states of both sig-
nal and idler photons are measured, characteristic features of
quantum lights, such as entanglement time, can provide novel
and useful control knobs to supplement classical parameters
such as frequency and time delay. In the following sections,
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FIG. 3. Time evolution of the normalized density matrix elements
describing the electronic excitations triggered by interaction with
the signal photons, provided that idler photons are detected at time
t = ti, Eq. (6). (a) The entanglement time Te = 2.5 fs and the other
parameters are the same as in Figs. 1 and 2. (b) The entanglement time
is set to Te = 50 fs, and the other parameters are ω¯s = 18001 cm
−1
and B = 0.11. The normalization is such that the maximum value of
the diagonal element, ρ11(t; ti) = 〈e1 | ρˆel(t; ti)|e1〉, is unity.
we investigate the excited state dynamics triggered by interac-
tion of molecules with signal photons when idler photons are
detected.
The optical length between the detector for idler photons
and the PDC crystal is set to be the same as the length
between the crystal and the sample into which signal pho-
tons enter. The photon detection that resolves the arrival
time t = ti of the idler photons is modeled with the pro-
jection operator: Πˆi(ti) = aˆ†i (ti)|vac〉〈vac|aˆi(ti), where aˆi(t) =
(2π)−1/2
∫
dω aˆi(ω)e−iωt has been introduced [33]. The spec-
tral information on the idler photon is not obtained. Con-
sequently, the quantum state of the signal photon is a mixed
state in terms of frequency, although the signal photon num-
ber is identified as unity. The frequency distribution is given
by D(ω) ∝ Pω(1) ≃ tanh2 r(ω). In the CW pumping case,
the first photon arrives at a uniformly random time [33] and
the second photon certainly arrives within the entanglement
time Te. Thus, the probability of detecting a photon in the
idler beam is time-independent: Pi = 〈ψPDC |Πˆi(ti)|ψPDC〉 =
Z−1
∫
dω tanh2 r(ω). When the idler photon is detected at time
ti, the density operator of the electronic excitation is given by
ρˆel(t; ti) = (1/Pi)trs+i[Πˆi(ti)|ψtotal(t)〉〈ψtotal(t)|], leading to an
expression different from Eq. (4):
ρˆel(t; ti) =
∑
α,β
µαgµβg
~2
e−iωαβ t
∫ t
−∞
dτ2 e
−iωβgτ2
×
∫ t
−∞
dτ1 e
iωαgτ1G
(1)
s (τ2, τ1; ti)|eα〉〈eβ |, (6)
whereG
(1)
s (t2, t1; ti) = 〈Eˆ (−)s (t2)Eˆ (+)s (t1)〉ti is the first-order tem-
poral correlation function of the heralded signal photon. The
bracket represents 〈. . . 〉ti = trs+i[. . . ρˆs(ti)], where ρˆs(ti) is the
reduced density operator of the heralded signal photon given
by ρˆs(ti) = P−1i tri[Πˆi(ti)|ψPDC〉〈ψPDC |]. A concrete expression
of the correlation function is obtained as
G
(1)
s (t2, t1; ti) = [E(ti)(t2)]∗E(ti)(t1), (7)
where the following quantity has been introduced:
E(ti)(t) = 1√
PiZ
∫ ∞
0
dω e−iω(t−ti)A(ω) tanh r(ω). (8)
Equation (8) could be regarded as the “electric field” that will
interactwith themolecule. Figure 3presents the time evolution
of the densitymatrix elements under the condition that the idler
photon is detected at time t = ti for two values of the entangle-
ment time, (a) Te = 2.5 fs and (b) Te = 50 fs. The parameters
chosen for Fig. 3a are the same as in Fig. 2, while the parame-
ters employed in Fig. 3b are ω¯s = 18001 cm
−1 and B = 0.11.
In contrast to the case in Fig. 2, the detection of the idler photon
enables us to assign the time at which the signal photon inter-
acts with the molecule. Thus, the probability of observing the
electronically excited molecule, ρ11(t; ti) = 〈e1 | ρˆel(t; ti)|e1〉,
exhibits the plateau values 0 and 1. However, the rise time
from 0 to 1 depends on values of the entanglement time. This
can be understood through the following approximative treat-
ment of the “electric field.” From Eq. (2), the PDC to generate
light reproducing the weak intensity of sunlight lies in the
weak down-conversion regime, r(ω) ≪ 1. In this limit, the
approximation of tanh r(ω) ≃ r(ω) = B sinc[(ω − ω¯s)Te/2] is
relevant and Eq. (8) is recast as
E(ti)(t) ∝ A(ω¯s)
2π
Te
rect
(
t − ti
Te
)
e−iω¯s(t−ti), (9)
where rect(x) = 1 for |x | < 1/2 and 0 otherwise. While de-
riving Eq. (9), the approximation of A(ω)r(ω) ≃ A(ω¯s)r(ω)
is employed, where A(ω) ∝ √ω. This does not cause a
fatal defect for the parameters employed in Fig. 3. Equa-
tion (9) demonstrates that the signal photon certainly arrives
at the molecular sample within the entanglement time Te be-
fore or after the idler photon is detected at time ti. For
t ≥ ti + Te/2, the density operator in Eq. (6) is obtained
as ρˆel(t; ti) ∝
∑
α,β µαgµβgsinc[(ωαg − ω¯s)Te/2]sinc[(ωβg −
ω¯s)Te/2]e−iωαβ (t−ti) |eα〉〈eβ |. When the entanglement time Te
is extremely short, Eq. (9) can be approximated as E(ti)(t) ∝
δ(t − ti). In this “impulsive” limit, the time evolution of the
density operator of the electronic excitation, Eq. (6), reduces
to ρˆel(t; ti) ∝
∑
α,β µαgµβge
−iωαβ (t−ti) |eα〉〈eβ |, as presented
5in Fig. 3a. In the case of short entanglement time, the de-
tection time for the idler photon is considered to be the time
that the signal photon arrives at the molecule. In the case of
longer entanglement time, the arrival time of the signal photon
becomes quantum mechanically uncertain, as is illustrated in
Fig. 3b. Experimentally, these dynamics could be observed
through two-photon coincidence counting [20, 34] depicted in
Fig. 4, where idler photons and photons spontaneously emit-
ted from the molecule excited by signal photons are counted at
times ti and t, respectively. The two-photon counting signal is
thus given by S(t, ti) = tr[aˆ†i (ti)aˆ†s (t)aˆs(t)aˆi(ti)ρˆtot(t)], which is
approximately expressed with the density matrices in Eq. (6)
as S(t, ti) ≃ 2πA(ω¯s)2~−2
∑
α,β µαgµβg〈eα | ρˆel(t; ti)|eβ〉. This
expression is derived in Appendix A.
As aforementioned, idler photons are detected at a uniformly
random time in theCWpumping case, and individual detection
events are labeled with a set of detection times, {ti}. To
gain further insight into physical implications of Eq. (6), we
consider the average of the density operator of the electronic
excitation, Eq. (6), for all possible realizations, ti:
〈ρˆel(t; ti)〉 =
∑
α,β
µαgµβg
~2
e−iωαβ t
∫ t
−∞
dτ2 e
−iωβgτ2
×
∫ t
−∞
dτ1 e
iωαgτ1 〈G(1)s (τ2, τ1; ti)〉|eα〉〈eβ |, (10)
with the averaged correlation function, 〈G(1)s (t2, t1; ti)〉 =
〈[E(ti)(t2)]∗E(ti)(t1)〉. In the weak down-conversion regime,
the approximation of tanh r(ω) ≃ n¯(ω)1/2 is acceptable as in
Eq. (3), and hence Eq. (8) is approximately expressed as
E(ti)(t) ≃ 1√
PiZ
∫ ∞
0
dω e−iω(t−ti)A(ω)
√
n¯(ω). (11)
Therefore, the averaged correlation function is computed as
〈G(1)s (t2, t1; ti)〉 ∝
∫ ∞
−∞ dti [E(ti)(t2)]∗E(ti)(t1) = G
(1)
s (t2, t1), and
Eq. (10) turns out to be identical to Eq. (4). Indeed, the sam-
ple average of the density matrix elements presented in Fig. 3
in terms of ti reproduces the curves depicted in Fig. 2. In-
terestingly, the correlation function in Eq. (10) is practically
identical to the first-order temporal correlation function for
individual realizations of the transform-limited classical laser
pulses investigated by Chenu and Brumer to yield the ther-
mal light result [6] when n¯(ω) in Eq. (11) is replaced with
n¯th(ω). These observations indicate that the detection of the
idler photon enables us to resolve the photon arrival times
under the pseudo-sunlight irradiation. However, it should be
noted that this conclusion is only true for cases where Eq. (3)
is an acceptable approximation, e.g., in the solar visible re-
gion. In such cases, the photon number is substantially 0 or 1,
and the heralding is to remove the vacuum state of the photon
number 0 [35][36], which does not interact with the molecule.
Therefore, the heralding is of no major consequence when
considering the molecule-photon interaction.
Detector
Detector
Pump laser
Birefringent crystal
BS
Sample
Photon spontaneously
emitted from the molecule
Signal photon
Idler photon
FIG. 4. Illustration of the proposed two photon coincidence counting
setup. The signal and idler beams generated through the PDC in the
birefringent crystal are split on a beam splitter (BS). Only the signal
photons interact with molecules, and the idler photons propagate
freely. The idler photons and photons spontaneously emitted from
themolecule excited by the signal photons are detected in coincidence.
V. SUMMARY
In this work we theoretically demonstrated that the nature
of sunlight photons can be emulated through quantum entan-
gled photons generated with the PDC. One may emulate the
sunlight, which is the radiation from the black-body with an
effective temperature of approximately 5800K, through con-
trolling the system’s parameters in a mechanical fashion. Fur-
ther, electronic excitations of a molecule using such pseudo-
sunlight light were investigated. The key is that the entangle-
ment time, which is a unique characteristic of the quantum
entangled photons, serves as a control knob to resolve the
photon arrival times, enabling investigations on real-time dy-
namics triggered by the pseudo-sunlight photons. Pinpointing
the photon arrival timesmay pave a newpath for implementing
time-resolved spectroscopic experiments that directly reflects
properties of natural sunlight.
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Appendix A: Two photon coincidence counting signal
Here, we consider the two-photon coincidence counting
setup depicted in Fig. 4: Idler photons and photons sponta-
neously emitted from the molecule excited by signal photons
are counted at times ti and t, respectively. The two-photon
counting signal is thus written as [20, 34]
S(t, ti) = tr
[
aˆ
†
i
(ti)a†s (t)aˆs(t)aˆi(ti)ρˆtot(t)
]
, (A1)
6where the density operator ρˆtot(t) represents the state of the
total system after the spontaneous emission. In this Appendix,
we evaluate Eq. (A1) to relate the two-photon counting signal
with the electronically excited state dynamics induced by the
signal photons under the condition that the idler photon is
detected at time ti.
The density operator to describe the total system after the
spontaneous emission can be expressed as the forth-order per-
turbation theory with respect to Hˆint(t) as [20, 38]
ρˆtot(t) =
(
− i
~
)4 ∫ t
−∞
dτ4
∫ τ4
−∞
dτ3
∫ τ3
−∞
dτ2
∫ τ2
−∞
dτ1
× Gˆ(t − τ4)Hˆ×int(τ4)Gˆ(τ4 − τ3)Hˆ×int(τ3)Gˆ(τ3 − τ2)
× Hˆ×int(τ2)Gˆ(τ2 − τ1)Hˆ×int(τ1)ρˆtot(−∞), (A2)
where Gˆ(t) denotes the time-evolution operator of the molec-
ular system in the Liouville space, and the superoperator
notation Oˆ×
1
Oˆ2 = [Oˆ1, Oˆ2] has been introduced for any op-
erators Oˆ1 and Oˆ2. The initial state is assumed to be
ρˆtot(−∞) = |g〉〈g | ⊗ |ψPDC〉〈ψPDC |.
For the sake of simplicity,we consider the situation that there
are no relaxation processes such as exciton relaxation, as in the
main text. In this situation, the time-evolution operator can be
written as Gˆ(t)Oˆ = Gˆ(t)OˆGˆ†(t), where Gˆ(t) = exp(−iHˆmolt/~)
stands for the time-evolution operator in the Hilbert space.
Therefore, the density operator effective to the calculation of
Eq. (A1) is expressed as
ρˆtot(t) =
(
− i
~
)4 ∫ t
−∞
dτ2
∫ τ2
−∞
dτ1
∫ t
−∞
dτ′2
∫ τ′
2
−∞
dτ′1
× Gˆ(t − τ2)Hˆint(τ2)Gˆ(τ2 − τ1)Hˆint(τ1)ρˆtot(−∞)
× Hˆint(τ′1)Gˆ†(τ′2 − τ′1)Hˆint(τ′2)Gˆ†(t − τ′2). (A3)
Under the rotating-wave approximation of Hˆint(t) ≃
−∑α µαg |eα〉〈g |Eˆ (+)s (t) + h.c., Eq. (A3) can be expressed as
ρˆtot(t) ≃
∑
α,β
µ2αgµ
2
βg
~4
∫ t
−∞
dτ2
∫ τ2
−∞
dτ1
∫ t
−∞
dτ′2
∫ τ′
2
−∞
dτ′1
× Eˆ (−)s (τ2)e−iωαg (τ2−τ1)Eˆ (+)s (τ1)|eα〉|ψPDC〉
× 〈ψPDC |〈eβ |Eˆ (−)s (τ′1)eiωβg (τ
′
2
−τ′
1
)Eˆ (+)s (τ′2). (A4)
Hence, the two-photon coincidence counting signal, Eq. (A1)
is obtained as
S(t, ti) =
∑
α,β
µ2αgµ
2
βg
~4
∫ t
−∞
dτ2
∫ τ2
−∞
dτ1
∫ t
−∞
dτ′2
∫ τ′
2
−∞
dτ′1
× eiωβg (τ′2−τ′1)e−iωαg (τ2−τ1)D(t, ti; τ2, τ1, τ′2τ′1), (A5)
where D(t, ti; τ2, τ1, τ′2τ′1) is the multi-point correlation func-
tion of the electric field operator,
D(t, ti; τ2, τ1, τ′2τ′1) = 〈ψPDC |Eˆ (−)s (τ′1)Eˆ (+)s (τ′2)aˆ†i (ti)aˆ†s (t)aˆs(t)
× aˆi(ti)Eˆ (−)s (τ2)Eˆ (+)s (τ1)|ψPDC〉. (A6)
When the electric field operators are approximately ex-
pressed as Eˆ
(+)
s (t) ≃ iA(ω¯s)
∫
dω aˆs(ω)e−iωt and Eˆ (−)s (t) ≃
−iA(ω¯s)
∫
dω aˆ
†
s (ω)eiωt , the following commutation relations
are obtained:
[aˆ†s (t)aˆs(t), Eˆ (−)s (τ)] ≃ Eˆ (−)s (t)δ(t − τ), (A7)
[Eˆ (+)s (t), Eˆ (−)s (τ)] ≃ 2πA(ω¯s)2δ(t − τ). (A8)
These commutation relations enable us to calculate the multi-
point correlation function of the electric field operators as
D(t, ti; τ2, τ1, τ′2τ′1) ≃ 2πA(ω¯s)2δ(t − τ2)δ(t − τ′2)G(1)s (τ′1, τ1; ti).
(A9)
As the consequence, we obtain the expression of the two-
photon coincidence counting signal as follows:
S(t, ti) ≃ 2π
~4
A(ω¯s)2
∑
α,β
µ2αgµ
2
βg
∫ t
−∞
dτ1
×
∫ t
−∞
dτ′1e
iωβg (t−τ′1)e−iωαg (t−τ1)G(1)s (τ′1, τ1; ti), (A10)
which is recast into a simpler form with ρˆel(t; ti) as
S(t, ti) ≃
2π
~2
A(ω¯s)2
∑
α,β
µαgµβg〈eα | ρˆel(t; ti)|eβ〉. (A11)
Equation (A11) indicates that the electronically excited state
dynamics in Eq. (6) can be observed through the two-photon
coincidence measurement.
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